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Epidemiology of PI3K pathway alterations in HR-positive breast cancer
The PI3K pathway in cancer Activation of the phosphoinositide-3-kinase (PI3K) pathway occurs in a variety of cancers. (Figure 1 ). The PI3K pathway integrates extracellular signals that activate receptor tyrosine kinases (RTKs) and G-protein-coupled receptors (GPCRs) and is necessary for normal growth and proliferation [1] . PI3K-alpha (PI3Ka) is a heterodimeric protein complex composed of the catalytic subunit p110a (coded by the PIK3CA gene) and the regulatory subunit p85a (coded by the PIK3R1 gene) [2] . p110a binds to and is inhibited by the regulatory subunit p85a and catalyzes the phosphorylation of the lipid phosphatidylinositol 4,5bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) [2] . Other p110 isoforms including p110b can signal through this pathway to produce PIP3. Accumulation of PIP3 at the plasma membrane functions as second messenger to initiate a downstream signaling cascade involving the activation of AKT by the PIP3-binding protein phosphoinositide-dependent kinase 1 (PDK1) and by mammalian target of rapamycin complex 2 (mTORC2). Activated AKT phosphorylates and disinhibits tuberous sclerosis complex 2 (TSC2), which is a negative regulator of mTOR and leads to downstream mitogenic signaling. PI3K requires multiple inputs for full activation, including binding by membrane-bound RTKs and Ras. Conversely, PIP3 can be dephosphorylated to PIP2 by the lipid phosphatase and tensin homolog (PTEN). Cellular and tumor dependence on the PI3K pathway occurs in several manners, including PIK3CA and AKT oncogene mutation, RTKs overexpression, and PTEN tumor suppressor loss of function. In this review, we discuss the molecular epidemiology of PI3K pathway alterations in estrogen receptor (ER)-positive (ERþ) breast cancer (BC).
PIK3CA mutations in ER1 BC
The most common PI3K pathway alteration in ERþ BC is PIK3CA oncogenic mutations, while PIK3CA gene amplification in the absence of mutation is relatively rare [3] . PIK3CA mutations are present in up to 40% of ERþ human epidermal growth factor receptor 2 (HER2)-negative primary and metastatic tumors and result in constitutive enzymatic activity [4] [5] [6] . Many retrospective studies, including a large meta-analysis of >10 000 patients with early-stage BC [7] , have proposed that PIK3CA mutations are prognostic markers for improved relapse-free survival on univariate analysis [8, 9] . However, these studies have also confirmed that, when controlling for additional favorable-risk clinical variables such as ER positivity and receipt of hormonal therapy alone without chemotherapy, PIK3CA mutations are not prognostic for improved relapse-free survival or overall survival [7, 8] . A study in HER2-positive (HER2þ) BC has found that PIK3CA mutations predict for decreased overall survival [7] , suggesting additivity between upstream RTK signaling and PIK3CA mutation, and this has provided the preclinical rationale for investigating combination anti-HER2 therapy with PI3K pathway inhibition [10] .
Many distinct cancer-associated PIK3CA mutations have been identified. The most frequent mutations are hotspot single amino acid substitutions in the helical (E545K and E542K in exon 9) or kinase (H1047R in exon 20) domains [11] . The mechanisms of activation of E545K and H1047R are distinct, where E545K mimics activation by RTK phosphopeptides and is dependent on Ras, and H1047R increases lipid membrane binding promoting access to PIP2 substrate and is Ras-independent. Some small studies analyzing mostly ERþ tumors have demonstrated decreased survival for patients with E545K-as compared with H1047R-containing tumors [12, 13] , but these differences have not proven significant in a larger meta-analysis [7] . There is also a long tail of less frequent mutations scattered across the PIK3CA gene, the majority of which lead to partial activation in biochemical and cellular models [14] . The functional and clinical consequences of these mutations are less clear since most clinical studies focus on exon 9 and exon 20 mutations only. While these additional mutational mechanisms may be distinct, they likely converge on a model where PIK3CA mutations structurally open the PI3K complex, increasing membrane binding and kinase activity owing to less inhibition of p110a by p85a [15] . It should be noted that these mutations were probably underestimated in earlier studies where principally the E545K and H1047R hotspots (or some but not all exons) were sequenced. Using a targeted sequencing approach analyzing all exons of 417 genes including PIK3CA, our group has demonstrated that some novel rare PIK3CA mutations are associated with endocrine resistance in metastatic ERþ BC [6] . Despite the large number of PIK3CA mutations, inactivating PIK3R1 mutations that activate PI3K by disinhibiting p110a [15] are rarely observed in ERþ BC (3%).
Other PI3K pathway alterations in ER1 BC
Upstream RTKs overexpression or mutations can hyperactivate their downstream signaling pathways including PI3K. ERBB2 amplification/HER2 overexpression is found in 10% of ERþ BCs [16] , and rare HER2 mutations associated with endocrine resistance have also been characterized [17, 18] . Fibroblast growth factor receptor 1 (FGFR1) amplification is found in up to 12% of ERþ BCs [19] . There are multiple direct and indirect mechanisms of interactions between upstream RTKs and the PI3K pathway, rationalizing combination therapies of PI3K inhibitors with RTK inhibitors. Mutations in Ras, which is also upstream of PI3K, are infrequent in BC (<1%, TCGA), though loss of negative regulators of Ras have been reported in luminal B tumors [20] . Figure 1 . Signaling by the phosphatidylinositol-3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway. The PI3K-AKT-mTOR pathway is activated by various growth factor receptors such as HER2, fibroblast growth factor receptor 1 (FGFR1), insulin-like growth factor 1 R (IGF1R) among others. PI3K proteins are recruited to the plasma membrane, leading to phosphorylation of phosphatidylinositol 4,5bisphosphate (PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 recruits to the membrane the AKT kinases that, once activated by PDK1 and mTORC2 phosphorylation, are able to phosphorylate TSC2 and negatively regulate the activity of the kinase mTOR. mTORC1 also phosphorylates and activates S6K. Also shown are few examples of PI3K-AKT-mTOR inhibitors in clinical trials.
De novo PTEN mutations are rare in ERþ BC and are mutually exclusive with PIK3CA mutations in treatment naive breast tumors [21, 22] ; however, proteomic approaches have shown decreased PTEN protein in breast tumors irrespective of PIK3CA mutations, suggesting additional regulatory mechanisms of PTEN. In a meta-analysis, PTEN protein loss by immunohistochemistry is prognostic for decreased survival across all receptor subtypes of BC [23] , but given that is highly associated with ER-BC, its prognostic significance has not been elucidated in ERþ BC. However, as discussed below, acquired PTEN mutation is a mechanism of resistance to PI3Ka inhibitors in ERþ PIK3CA mutant BC [24] .
AKT mutant isoforms are considered weak oncogenes, where AKT1 E17K hotspot mutations are found in 3% of ERþ BC [22] and are mutually exclusive with PIK3CA mutations in early-stage [22] and metastatic ERþ BC [6] . On the other hand, AKT2 and AKT3 can be amplified but are rarely mutated in ERþ BC [22] .
Toward a higher order understanding of the role of the PI3K pathway in ERþ BC
No single alteration of the PI3K pathway is predictive of survival in early-stage or metastatic ERþ BC. While single PIK3CA mutants are oncogenic in multiple cellular models, these mutations are weak oncogenes in vivo, with variable penetrance resulting in pleiotropic histologies (not only adenocarcinomas but also sarcomas and squamous cell cancers) with partial levels of estrogen dependence [25] . The discordance in growth and proliferation between single PIK3CA mutations in in vitro and in vivo models implicates additional mechanisms (either intrinsic or extrinsic to the PI3K pathway) for the full PI3K oncogenic phenotype. The clinical corollary to this observation is the lack of benefit of PI3K inhibitor monotherapy in ERþ BC.
One obvious solution for tumor cells to augment PI3K pathway oncogenesis would be additional oncogenic or tumor suppressor mutations in the PI3K pathway; however, PIK3CA, AKT, and PTEN mutations are largely mutually exclusive in treatment-naive ERþ BC, suggesting that nongenomic mechanisms (e.g. gene expression or protein-based) may play an important role in oncogenesis. Indeed, a number of crosstalk epigenetic and posttranslational modification mechanisms exist between ER and PI3K (discussed below).
Moreover, many of the older BC sequencing studies have focused on localized primary tumors rather than on metastatic tumors, contain cohorts that eventually result in small numbers when stratified by receptor subtype, include tumors containing only the most frequent PIK3CA mutations, and do not stratify based on specific treatment outcomes [e.g. selective estrogen receptor degrader versus aromatase inhibitors (AIs) versus tamoxifen]. These important issues have begun to be addressed by large-scale sequencing efforts coupled with careful clinicogenomic annotation [6] to deconvolute PI3K pathway activating genotypes/phenotypes from clinical prognosis among untreated primary and endocrine-sensitive and endocrine-resistant metastatic ERþ breast tumors.
Preclinical mechanisms of resistance to PI3K inhibitors
Initial studies on PI3K inhibitor resistance focused on RTK pathway upregulation [26] through expression and activation of HER2, HER3, and other RTKs in ERþ BC [27] [28] [29] . These RTKs re-stimulate PI3K by binding to the nSH2 and cSH2 (Src homology 2) domains of p85a, relieving its inhibition of p110a. Multiple adaptive and acquired resistance mechanisms to PI3K inhibitors have now been described. These can occur directly in the canonical effectors of the PI3K-AKT-mTOR cascade or involve parallel pathways that feed into the PI3K effectors at proximal or distal points.
PI3K inhibitors potently decrease AKT signaling but AKT inhibitors can paradoxically re-sensitize some alpelisib-resistant ERþ BC cell lines to alpelisib, as ascertained through a combinatorial drug screen [30] . In this report, residual levels of AKT signaling were still present in T47D but not in MCF7 ERþ BC cell line, and this correlated with response to combined alpelisib and AKT inhibitor therapy, re-sensitizing alpelisib-resistant ERþ T47D BC cells but not alpelisib-resistant ERþ MCF7 BC cells. Thus, AKT inhibition by PI3K inhibitors is context-dependent even in ERþ BC. These findings are in agreement with BC sequencing studies that have demonstrated a lack of correlation between PIK3CA mutation and AKT phosphorylation, raising the possibility of autonomous activation mechanisms.
Consistently, a number of non-AKT-dependent mechanisms that drive resistance to PI3Ka inhibitors have been elucidated. These mechanisms involve pathways parallel to all branches of the PI3K pathway such as other p110 isoforms, other AGC family kinases (of which AKT is one member), and downstream signaling nodes with varied inputs and outputs.
While p110a is frequently mutated in ERþ BC, p110b, which can also drive PI3K pathway signaling, is rarely mutated in cancer. By measuring PIP3 restoration after alpelisib treatment of ERþ BC cells, Costa et al. demonstrated that p110b activation by RTKs can lead to non-AKT-dependent downstream PI3K pathway signaling [31] . Despite consistent PIP3 suppression, combining p110a with p110b inhibitors induced tumor regression in an ERþ/HER2þ model but not in ERþ/HER2-xenografts, suggesting a hierarchy for non-AKT-dependent mechanisms of resistance among different BC receptor subtypes.
In ERþ BC, PTEN mutations are rarely found de novo as described above. Our group has discovered that convergent loss of function PTEN mutations can drive resistance to alpelisib by analyzing an exceptional responder patient [24] . This heavily pre-treated patient had ERþ metastatic BC and initially responded to alpelisib monotherapy for 9.5 months. After therapy progression and expiration, we accessed 14 different metastases during a rapid autopsy of the patient. Ten of these lesions carried different genetic alterations converging to homozygous loss of function of PTEN. In ERþ PIK3CA-mutant BC cells, PTEN loss caused resistance to alpelisib but not to the pan-PI3K inhibitor BKM120. Speculating that loss of function PTEN mutations can drive resistance to PI3Ka inhibitors by decreasing amounts of PIP3, which indirectly increases the PIP2 substrate for the p110b isoform and downstream signaling, we tested the efficacy of combining alpelisib with a p110b inhibitor in a patient-derived model established from the same patient. Accordingly, this strategy caused tumor regression, suggesting that the combination of p110a and p110b inhibition may be a general strategy to overcome PI3K inhibitor resistance in ERþ BC when p110b becomes active as a consequence of pharmacological pressure.
Our group and others have demonstrated that persistent activity of either mTORC1 [30, 32] or PDK1 [33, 34] can drive intrinsic resistance to alpelisib in ERþ BC. These are AKTindependent mechanisms, as AKT signaling is profoundly inhibited by alpelisib in both sensitive and resistant BC cell lines in vitro and in vivo. Resistance to alpelisib can also be mediated by reactivation of mTOR by the secreted ligands insulin-like growth factor 1 (IGF1) and neuregulin [32] . The causative role of mTOR activity in this setting is underscored by the fact that suboptimal doses of everolimus can re-sensitize these tumors to alpelisib. PDK1 activates not only AKT but also other AGC family kinases including those of the serum/glucocorticoid regulated kinase (SGK) family, and SGK is upregulated in alpelisibresistant BC cells and tumors [33] . Combination of PI3K and PDK1 inhibitors also reverts resistance to alpelisib in an mTORC1-dependent manner. Inhibition of other targets such as cyclin-dependent kinases 4 and 6 (CDK4/6) can re-sensitize ERþ BC cells that exhibit primary or acquired resistance to alpelisib [30] . Combination of the CDK4/6 inhibitor ribociclib with alpelisib delayed the development of resistance both in vitro and in vivo.
Cancer cell-extrinsic mechanisms of resistance to PI3K inhibitors have also been investigated. In a recent report, mouse models of multiple cancers including ERþ BC showed increased blood glucose and insulin on treatment with a wide range of small molecule inhibitors of the PI3K pathway, including PI3Ka-specific inhibitors [35] . This hyperinsulinemia resulted in increased PI3K pathway signaling and cell proliferation. In vivo, targeting this relief of negative feedback on insulin signaling through sodium/ glucose cotransporter 2 (SGLT2) inhibition or ketogenic diet led to profound re-sensitization of PI3K inhibitors in many cancer histologies.
These recent studies on mechanisms of resistance raise several important points. First, unlike protein kinases where 'on-target' mutations are a common mechanism of acquired resistance, mutations in the ATP-binding site of PI3Ka (which may sterically hinder the binding of small molecule ATP competitors) have never been reported, to our knowledge. This lack of pressure on the target may be because PI3Ka-specific inhibitors in their current incarnation are not mutant selective and inhibit also the wild-type enzyme in both cancer cells and normal cells. Thus, selective pressures to alter other pathways may outweigh intrinsic pressure to mutate PIK3CA to cause resistance. Moreover, concomitant inhibition of wild-type PI3K may prevent dosing within an adequate therapeutic window.
Second, the large number of AKT-independent mechanisms for resistance to PI3K inhibitors highlights the problem with using phosphorylated AKT as a surrogate for direct readout of PI3K activation, given that in many cases, even with complete suppression of AKT, parallel mechanisms of resistance can simultaneously activate more distal components of the PI3K pathway. Additional biomarkers such as direct PIP3 measurement [31] (which is also feasible in tissue [36] ) or immunohistochemistry for pS6 may be of utility in assessing the response to PI3K inhibitors in patients. Finally, it should be noted that many preclinical studies analyzed the effects of PI3K inhibitor monotherapy only, and there may be higher order interactions when studying the resistance to combined PI3K inhibition and anti-endocrine therapy.
Crosstalk between ER and PI3K pathway
Many years of work, from classical investigations of transcription factor (TF) function and growth factor signaling regulation to modern genome-wide epigenomic assays, have demonstrated that there is important crosstalk between ER and PI3K pathway. Even more importantly, these findings have shown to have significant implications for the biology of BC and response to both PI3K inhibitors and endocrine agents. In over 70% of patients with ERþ BC, ER serves as a master cellular regulator that controls transcriptional repertoires favoring uncontrolled cell proliferation and tumor growth [37] . The binding of estrogen to ER triggers receptor dimerization and recruitment of ER to the cis regulatory elements of its target genes to regulate transcription. ER binding to its target genes leads to recruitment of additional cooperating TFs and chromatin regulators which are critical for the function of this intricate network (referred to as the classical genomic signaling pathway) [38] . Estrogen genomic signaling induces the expression/activation of proteins important for tumor growth such as the insulin-like growth factor I receptor (IGF-IR), insulin growth factor II (IGFII) and downregulation of genes such as epidermal growth factor receptor (EGFR) and HER2. As such, ER is inhibited clinically using the ER antagonist tamoxifen, the AIs letrozole and exemestane, or the ER degrader fulvestrant.
The importance of PI3K pathway in ERþ BC is highlighted by the mentioned high frequency of activating somatic mutations of PIK3CA (40%) in this subset of BC. In addition, other genomic alterations resulting in hyperactivation of the PI3K pathway such as ERBB2 and AKT1 are frequent in ERþ BC [39, 40] . As the vast majority of PIK3CA-mutant tumors are ERþ, studies have indicated that both pathways can coordinately support survival.
One of the first clinical evidences that supported the close interaction between the PI3K pathway and ER signaling came from the Breast Cancer Trials of Oral Everolimus-2 (BOLERO-2) phase III clinical trial that showed improvement in progressionfree survival (PFS) in ERþ BC patients treated with the mTOR inhibitor everolimus in combination with the AI exemestane [41] . Despite the minimal activity of single-agent mTOR inhibitor (in part due to the activation of compensatory pathways), and that these patients were refractory to endocrine therapies, these encouraging results strongly suggested a synergistic activity in the dual targeting of PI3K and ER pathways. As specific PI3Ka inhibitors were emerging in the clinic, we and others studied the effects of these agents on ER signaling and its role on limiting their efficacy. In this regard, we have detected a highly uniform adaptive tumor response to PI3Ka inhibitors that is characterized by an increased dependency on the ER response, which mediates resistance to these agents and can be reversed by the addition of anti-ER therapies [42] . Thus, inhibition of PI3K paradoxically activates ER-mediated transcription in BC cells as a survival feedforward mechanism [42] . Of note, also in prostate cancer, which is characterized by its dependence on the nuclear hormone androgen receptor (AR) and presence of activation of PI3K signaling, it has been shown that PI3K pathway activates AR signaling to support survival [43] . Thus, inhibition of PI3K oncogenic pathway increases cell survival dependency on ER and AR in breast and prostate cancer, respectively.
The preclinical findings on ER upregulation upon PI3K inhibition paved the way for phase III registration clinical studies testing PI3Ka inhibitors in combination with the anti-ER agent fulvestrant in patients with advanced PIK3CA-mutant ERþ BC [44] . These efforts culminated with the registrational phase III clinical trial SOLAR 1, demonstrating that the addition of the PI3Ka inhibitor alpelisib to anti-endocrine therapy improved PFS in HRþ PIK3CA mutant metastatic BC from 5.7 to 11.0 months leading to Food and Drug Administration (FDA) approval of alpelisib [45] . Since most of the patients were selected to present a resistance to ET, PFS longer than 11 months could theoretically be achieved and should be explored in earlier disease settings.
The mechanism of the interplay between the ER and PI3K pathways remained unclear until recently. In studying this intricate crosstalk, we demonstrated that PI3Ka inhibition remodels the chromatin landscape of BC on a genome-wide scale to enable a permissive gene regulatory state at ER loci in both cells and patient samples. By establishing a direct association between PI3K/ AKT signaling and chromatin regulators, we identified the histone methyltransferase KMT2D as a key determinant of ER activation by the PI3K/AKT signaling pathway. We found that in scenarios of activated PI3K signaling, such as in PIK3CA mutant cells, KMT2D is directly phosphorylated and inactivated by AKT, resulting in the attenuation of histone methylation, loss of binding of the ER and consequent transcriptional suppression. Conversely, KMT2D activity and histone methylation is enhanced when PI3Ka is inhibited, facilitating the recruitment of ER transcriptional network and unleashing a dominant impact on transcription and promoting tumor growth. Consistently, KMT2D silencing in xenograft models substantially enhances the antitumor activity of PI3Ka inhibitors by suppressing ER transcriptional output (Figure 2) . These results provide a better understanding of how ER-dependent transcription may be modulated by oncogenic pathways as feedforward survival mechanism and provide a rationale for epigenetic therapy for this disease [46] . In addition to the AKT-dependent mechanism of ER regulation via the phosphorylation of KMT2D, we recently discovered that the PI3K pathway propagates its effects to control KMT2D and ER function via the activity of SGK1, another downstream PI3K effector. We show that, upon PI3Ka inhibition, ER activates SGK1 transcription and elevates SGK1 protein levels. This in turn resulted in phosphorylation of KMT2D, suppressing its function, and attenuating ER-dependent expression. Thus, a negative feedback loop activates SGK1 to promote chromatinbased regulation of ER-dependent gene expression ( Figure 2) . Given that high levels of active SGK1 would inhibit ER activity making cells less dependent on the ER response [47] , we speculate that SGK1 could be another important mediator of resistance not only to PI3K inhibitors, as we have previously reported [33] , but also to endocrine therapies. Other hormone nuclear receptors such as PR or retinoic acid receptor [48, 49] have been previously linked to affect ER transcriptional activity, and their gene signatures are elevated by PI3K kinase inhibition [46] . Thus, it is plausible to surmise that their function could be also regulated by protein kinase inhibition and KMT2D. Moreover, it also remains to be investigated whether PI3K signaling can regulate transcription to promote growth by modulating the function of additional chromatin regulators.
The regulatory crosstalk between PI3K and ER is bidirectional as not only upregulation of ER by PI3K inhibition mediates resistance to PI3K inhibitors but also PI3K pathway activation is associated with de novo and acquired resistance to endocrine therapies. In this regard, knockdown of PTEN or INPP4B phosphatases or upregulation of oncogenes that activate the PI3K pathway such as HER2 and IGF1R and activating AKT1 mutations have been shown to mediate resistance to anti-estrogen therapy in patients with ERþ BC [50] . Moreover, it has been reported that tamoxifen-or fulvestrant-resistant ERþ BC cells/ xenografts, as well as long-term estrogen deprived ERþ BC cells, exhibit higher levels of activation of PI3K/AKT/mTOR signaling and hyperactivation of IGF-IR and or InsR [51] . In most of these models, endocrine therapy resistance was reversed with the inhibition of PI3K.
Given the complexity of the ER and PI3K pathways, their interplay occurs at numerous levels. Findings demonstrate that ER and its coregulators can be phosphorylated by oncogenemediated signaling. A variety of kinases including MAPKs and downstream effectors of PI3K such as AKT and S6K directly phosphorylate ER leading to ligand-independent ER-dependent transcription [50, 52, 53] . However, treatment of cells with the pan PI3K inhibitor BKM120 did not decrease the phosphorylation of ER or ER-dependent transcription [54] . Another layer of interaction and regulation of ER signaling is the phosphorylation of ER coregulatory proteins such as KMT2D by growth factor kinases. Examples include the PI3K pathway mediated c-Jun phosphorylation [55] . c-Jun complexes with c-Fos to form the AP1 complex, which binds specific non-estrogen response element promoters of AP1-responsive genes to regulate transcription (referred to as the nonclassical genomic signaling pathway [56] ). Other examples include phosphorylation of AIB1 coactivator by MAPK, which increases ER-dependent transcription [57] . Overexpression of AIB1 in MCF7 BC cell lines transfected with HER2 (MCF7/HER2þ) converts tamoxifen-bound ER into an estrogen agonist rather than an antagonist, suggesting that ER-HER2 crosstalk has an important role in tamoxifen resistance.
Evidence from preclinical work has also implicated ER to regulate cellular functions independent of its classical transcriptional activity via nongenomic estrogen signaling mechanisms. A small pool of ER that is located at the plasma membrane resembles growth factor ligands and this is where part of the crosstalk between ER and the PI3K pathway occurs. Plasma membranebound ER increases the levels of second messengers such as cyclic AMP and rapidly initiates activation of various signaling molecules such as IGF-1R/InsR, EGFR, HER2, PI3K, MEK, and Src [58] . Several membrane ER isoforms have been identified, including ERa, splice variants of ERa (ER-36, ER-46), ERb, and GPR30 [59] . Membrane ER may activate oncogenic kinases to promote endocrine resistance; however, the clinical validation of this phenomenon is still pending.
Thus, in ERþ breast tumors a complex cycle with crossregulatory interactions and negative and positive feedbacks is established between ER and growth factor receptor network, leading to enhanced cell growth and proliferation [60] . These interactions are likely to differ in normal versus disease states as the activated PI3K pathway in cancer strongly affects the ER response and vice versa. The multidirectional interplay between the two most critical survival pathways in BC provides an explanation for the poor efficacy of single pathway therapy in ERþ/PIK3CA mutant BCs. Most importantly, it has provided the molecular rationale for simultaneously targeting both pathways to achieve superior disease control culminating with the encouraging recent results of the phase III clinical trial targeting both ER and PI3Ka in BC patients with HRþ/PIK3CA mutations and FDA approval of the first PI3K inhibitor, alpelisib [45] .
Dual blockade of ER and PI3K: preclinical and clinical data
The alterations in key nodes of the PI3K pathway render effectors of this signaling cascade as attractive targets for anticancer drug development. Despite the high frequency of PIK3CA mutations in BC and in other cancers, the development of isotype specific PI3Ka inhibitors did not occur until recently [61] . Nevertheless, drug development of agents inhibiting components of the PI3K pathway blossomed, while at the same time evidence began to indicate the complexity of PI3K signaling, crosstalks with other pathways, and positive and negative regulatory feedbacks which in concert challenged the success of these agents.
The first inhibitors of the PI3K pathway that advanced in the clinic are the mTOR inhibitors everolimus and temsirolimus, both derivatives of rapamycin. While these inhibitors have been approved, they have limited activity as monotherapy [62, 63] , likely due to narrow therapeutic windows and activation of compensatory mechanisms involved in intrinsic and adaptive resistance. With this in mind, competitive inhibitors of mTOR kinase (e.g. AZD8055), which are effective against both mTORC1 and mTORC2 and inhibit the feedback-loop-based activation of AKT caused by inhibition of mTORC1 alone, have been developed and are being clinically tested [64] . However, they too have only modest clinical activity when used as clinically achievable single agents.
Multiple inhibitors can also selectively inhibit AKT proteins, preventing the activation of mTORC1 and the downstream effects of the pathway. Encouraging levels of activity have been reported in patients with cancers harboring the AKT1 E17K oncogenic mutation in a multi-histology basket study testing the efficacy of AZD6363, a pan-AKT kinase inhibitor. This study provided the first evidence that AKT E17K can be a therapeutic target in human cancer [65] .
Furthermore, early examples of PI3K inhibitors which were tested in the laboratory and in the clinic include the pan-PI3K inhibitors buparlisib, pictilisib, PX-866, CH5132799 and SF1126 among others, which inhibit to some degree the catalytic activity of all four PI3K class I isoforms PI3Ka (encoded by PIK3CA), PI3Kb (encoded by PIK3CB), PI3Kc (encoded by PIK3CG) and PI3Kd (encoded by PIK3CD) [66] . In the case of buparlisib (BKM120) [67] , in preclinical models, the combination of this agent and fulvesrant reduced tumor growth in an everolimusresistant BC model [54, 68] . In the clinic, the phase III study of BKM120 plus fulvestrant versus placebo þ fulvestrant did meet its primary end point of improved PFS but the real clinical benefit was minimal [69] . Overall, the median exposure to BKM120 was limited to 2 months of therapy due to high toxicity. While pan-PI3K inhibitors may lead to toxicity given their relatively narrow therapeutic window, there may also be specific features of this class of agents such as increased blood-brain-barrier penetration that may potentiate these toxicities, given that in the BKM120 group adverse effects such as mood disorders (i.e. depression and anxiety) AKT-dependent mechanism SGK1-dependent mechanism AKT-dependent mechanism SGK1-dependent mechanism P P P P
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H3K4me1/2 Figure 2 . Proposed model of the phosphatidylinositol-3-kinase (PI3K)-estrogen receptor (ER) crosstalk. Estrogen activates nuclear ER known as the genomic pathway and membrane ER known as the non-genomic pathway. Membrane ER can associate with growth factor signaling components including PI3K. Activation of PI3K pathway activates its main effector AKT. After activation, AKT goes to the nucleus where it encounters nuclear substrate such as the H3K4 mono-and di-menthyltransferase KMT2D, an important regulator of nuclear ER. AKT phosphorylates KMT2D at S1331 to attenuate KMT2D function, inducing a loss of binding of KMT2D to ER target genes and a suppression of ER-dependent transcription (genomic pathway). Upon PI3Ka inhibition, AKT is no longer active and cannot phosphorylate KMT2D. KMT2D induces mono-and dimethylation of H3K4, is recruited to ER target loci and activates ER-dependent transcription (AKT-dependent mechanism). A target gene of ER is the PI3K effector SGK1. Upon PI3Ka inhibition, ER upregulates SGK1 transcription. Elevated SGK1, in turn, directly phosphorylates KMT2D at S1331, attenuating its function and subsequent ER activity as a negative repression feedback loop (SGK-dependent mechanism). ER-dependent increase of SGK1 upon PI3Ka inhibition in transient and may only be active few hours after PI3K pathway inhibition, while the overall ER-response can be sustained.
were also observed [69] . Overall, while these agents work well in preclinical models, the clinical development of most pan-PI3K inhibitors has stopped due to insufficient efficacy, toxicity and the absence of biomarkers as predictors of sensitivity or resistance. Dual inhibitors of PI3K and mTOR kinase, such as PQR309, LY3023414 and PF-04691502 among others, have been also developed and they have shown activities in preclinical models and continue to be actively investigated in the clinic as single agents or in combination with other targeted therapies [70] . Recent summaries of the armamentarium of PI3K-AKT-mTOR inhibitors have been reviewed in depth elsewhere [66, 71] .
Thus, despite the significant amount of effort invested in the preclinical and clinical development of the PI3K pathway inhibitors, few of these agents have made or are making their way to the clinic. One reason includes their modest activity as monotherapy, which in case of everolimus is often explained by the disruption of the mTORC1-S6K1-mediated negative feedback loop. Thus, the identification of rational combinations therapies to increase survival for patients with all stages of ERþ disease is required. Examples include everolimus and exemestane, which have been approved for treatment of ERþ BC after failure of NSAI and have demonstrated the greatest translation into standard of care. And as mentioned, the identification of biomarkers of sensitivity to the PI3K pathway inhibitors has been lacking.
In order to ultimately deliver the full potential of PI3K inhibitors, some solutions may be (i) testing therapeutic schedules that may be less toxic, (ii) developing isotype-specific PI3Ka inhibitors expected to expand the therapeutic window and increase efficacy and (iii) combining therapies based on robust preclinical evidence. These recent isoform inhibitors seem to be achieving effects as monotherapy in PIK3CA-mutant tumors, and even so in combination with endocrine therapy. In this regard, b-sparing PI3K inhibitors such as taselisib in combination with the ER degrader fulvestrant had prolongation of PFS that was significant but unfortunately not clinically meaningful, possibly due to the narrow therapeutic index, which resulted in frequent treatment discontinuation [44] . Instead, combinatorial therapy of the anti-ER therapy fulvestrant together with specific PI3Ka inhibitors alpelisib has shown a clear clinical meaningful benefit in patients with ERþ, HER2-negative, PIK3CA-mutant advanced metastatic BC [45] , which has led to its recent FDA approval. The strong preclinical data in both mouse models and cultured BC cells showing that the combination of PI3K inhibitors with fulvestrant induces tumor regression have set the stage for these clinical trials to take place [42] . Therefore, a notable advancement in BC has been the increased knowledge of the interdependence between the ER and PI3K pathways and the necessity for dual inhibition. The understanding of the mechanisms of resistance to PI3K inhibitors by additional pre-clinical studies is necessary for the design of promising combinatorial treatments that will translate into practice-changing clinical trials.
In summary, after more than a decade of research PI3Ka inhibitors have become a standard of care in the treatment of ERþ BC in combination with fulvestrant based on the data of SOLAR-1 study [45] . Considering this new and energizing body of evidence, a coming wave of clinical and preclinical research and drug development of PI3Ka inhibitors will likely emerge. Research on the identification of the BC patients with increased sensitivity to PI3Ka inhibitors is also to be expected.
